Background: Orc1 is the largest subunit of the origin recognition complex that promotes genome duplication. Results: We studied the dynamics of Orc1 during the cell division cycle. Conclusion: Orc1 binds to mitotic chromosomes, and during G 1 phase in the daughter cells it then forms spatial-temporal patterns in the nucleus. Significance: The large subunit of ORC orchestrates the earliest stages of chromosome inheritance.
In eukaryotic cells, the genome is duplicated once during the S phase of each cell division cycle and is a highly regulated process (1) . Initiation of DNA replication requires ordered assembly of a pre-replication complex (pre-RC) 3 at all origins of DNA replication, a process that requires the origin recognition complex (ORC), Cdc6, and Cdt1 bound to the hexameric Mcm2-7 complex (2-4). The process in human cells is thought to begin with binding of the six-subunit ORC to chromatin, a prerequisite for pre-RC assembly; however, human cell ORC is not a stable complex during the cell division cycle. In Saccharomyces cerevisiae and Schizosaccharomyces pombe, all six subunits of ORC have been reported to remain associated with the chromatin throughout the cell division cycle, although phosphorylation plays a key role in regulating ORC activity (5) (6) (7) (8) (9) (10) (11) (12) .
In Xenopus, ORC is not associated with chromatin during S phase and is absent from the mitotic chromatin (13) (14) (15) (16) (17) . The expression of Orc1 in human cells and in Drosophila is regulated by E2F (18, 19) . Therefore, the assembly of pre-RCs at all origins depends on the E2F/Rb pathway with ORC activity being regulated by Orc1 expression (12, 19) , but this is particularly important in cells entering the cell division cycle following a period of quiescence. In Drosophila, Orc1 is degraded at the end of M phase by the anaphase-promoting complex activated by Fzr/Cdh1 (20) . In contrast, in human cells Orc1 is ubiquitinated and then degraded during the G 1 to S phase transition and is reloaded at the M-G 1 transition when new pre-RCs are formed (21) (22) (23) (24) (25) (26) . Thus, Orc1 re-binding to chromatin is an obligatory step for pre-RC assembly during G 1 . The Mcm2-7 hetero-hexamer is destined to become part of the active helicase following initiation of DNA replication at each origin. Recruitment of the Mcm2-7 helicase complex to ORC-Cdc6 complexes completes the formation of the pre-RC, a step mediated by the Mcm2-7-binding partner Cdt1.
The initiation of DNA replication occurs at origin sites whose density along the chromosome is critical for complete genome duplication. In all eukaryotic cells, origins of replication are located in replication domains, i.e. regions of chromosomes that replicate at defined times during S phase and are spatially organized within the nucleus (27) (28) (29) . The spatiotem-poral replication pattern is inherited from mother to daughter nuclei in a cell type-specific manner (30 -32) . It has been suggested from studies in budding yeast (33) and in mammalian cells (34, 35) that the establishment of the temporal program of DNA replication during S phase occurs during early G 1 (36) . Following assembly of pre-RCs either during exit from mitosis or during early G 1 , establishment of the pattern of origin distribution along chromosomes (called the origin decision point) and a separate replication timing decision point occur concurrent with the organization of chromosomes into distinct nuclear domains (28, 30, 34 -39) .
Maps of chromatin interactions determined by chromosome conformation capture technologies reveal the most definitive correlation with DNA replication timing profiles, indicating that clusters of replicons form a domain in a chromosome that is replicated at a characteristic time during S phase, and the domain is spatially compartmentalized into the visible replication foci in cells (40 -43) . This has been elegantly demonstrated at the single molecule level in S. pombe where early origins are activated at specific sites in the genome, but late firing origins derive from stochastic clusters of origins that form foci of replication sites in the nucleus (44) . There are, however, few molecular insights into how spatiotemporal patterning of DNA replication occurs (45) , but it is thought not to involve specific DNA sequences at the origins of DNA replication (33) . In fission yeast, it has been shown that ORC binding to chromosomes during the M/G 1 period of the cell division cycle predetermines DNA replication origin usage and their efficiency of utilization during S phase, and it is also related to the timing of pre-RC assembly during G 1 (46) . In Drosophila, high density ORC binding to chromosomal sites is a determinant of early replication of those sites, and ORC is found to be associated with H3. 3 -enriched open chromatin sites (47) .
To address the role of Orc1 protein in human cells during the M/G 1 transition and G 1 , synchronized cells were used, and the dynamics of ORC complex assembly was followed throughout the cell division cycle. Orc1 associated with mitotic chromosomes dependent upon amino acid sequences in Orc1 that are related in sequence to the mitotic chromosome-binding sequences of a transcriptional pioneer protein FOXA1. Following mitosis, Orc1 was present in the G 1 nuclei, but it displayed varied spatial distributions during G 1 phase before it was removed at the G 1 /S phase boundary. Other ORC subunits, such as Orc2, were assembled onto chromatin after Orc1 and remained chromatin-bound, but it dissociated from Orc1 during late G 1 and early S phase. Orc1 patterning in the G 1 nucleus was related to the spatiotemporal pattering of DNA replication in the nucleus during S phase.
EXPERIMENTAL PROCEDURES
Raising Monoclonal Antibodies against Human Orc1 Protein-For production of specific antibodies capable of immunoprecipitation of native Orc1 protein, GST-Orc1⌬N400, containing Orc1 amino acid sequences 401-861 fused to the C terminus of glutathione S-transferase was expressed and purified from Escherichia coli BL21 (DE3) cells as described previously (24) . The Orc1⌬N400 protein was separated from the GST tag by treatment with PreScission Protease (GE Healthcare) and used as an antigen for monoclonal antibody production using protocols described previously (48) . The hybridomas were screened by an enzyme-linked immunosorbent assay, and positive clones were screened further for the ability to immunoprecipitate soluble GST-or MBP-tagged Orc1. Positive clones were screened further to test their ability to immunoprecipitate endogenous native Orc1 protein from HeLa whole cell extracts. The clone used in this study was Orc1 78-1-172. MBP-tagged Orc1 was purified as described previously (49) .
Epitope-tagged Orc1 Construct and Mutant Orc1 Construction-Human Orc1 cDNA was cloned into mammalian expression vectors pEYFP-C1, pEYFP-N1, and pEGFP-C1 and expressed from a CMV promoter (Clontech.). Electroporation was performed on trypsinized cells resuspended in 250 l of growth medium and transferred to cuvettes containing 2 g of YFP-Orc1 protein plasmid plus 20 g of salmon sperm DNA. Cells were seeded onto acid-washed coverslips and processed for immunofluorescence localization or live cell imaging. A U2OS stable cell line containing the pEYFP-Orc1 was generated by transfection and clonal selection and was maintained in DMEM (high glucose) with 10% fetal bovine serum (FBS) and 0.5 mg/ml G418 (Invitrogen). Tetracycline-inducible U2OS GFP-Orc1 cells were maintained and induced as described previously (49) . Orc1 mutants were generated using the site-directed mutagenesis kit (Stratagene) as per the supplier's specifications. Orc1 fragments to study the FOXA1-related sequences were cloned into the pAcGFP1-Nuc vector (Clontech). U2OS cells were transfected with 1 g of plasmid using X-tremeGENE HP (Roche Applied Science) according to the manufacturer's instructions, and cells were visualized 24 h post-transfection. HeLa cells were transfected with EGFPOrc1, and live cells imaging was done.
Live Cell Microscopy-Human cells stably expressing YFPOrc1 or cells transiently transfected with 2 g of EYFP-Orc1 and/or enhanced CFP-PCNA, GFP-Orc1 fragments, or a tetracycline-inducible GFP-Orc1 U2OS cell line were used for live cell imaging. The cells were transferred to an FCS2 live cell chamber (Bioptechs Inc., Butler, PA) mounted onto the stage of a Delta Vision optical sectioning deconvolution instrument (Applied Precision) on an Olympus or Nikon microscope and kept at 37°C in L-15 medium (minus phenol red) containing 30% FBS or DMEM with 10% FBS. Time-lapse images acquired with ϫ63 or ϫ100 objective lens were captured with a Coolsnap CCD camera or the PerkinElmer Life Sciences spinning disk acquisition setup.
Cell Culture, RNA Interference, and Extract PreparationHeLa and U2OS human cells were grown in DMEM containing high glucose (Gibco) supplemented with penicillin/streptomycin and 10% FBS. MCF7 and IMR-90 diploid cells were grown in DMEM supplemented with 10% FBS. HeLa cells were grown in suspension in Joklik Modified Eagle's Essential Minimal Medium supplemented with 5% bovine serum. Successive salt fractionation was done as described previously (50) . HeLa suspension cells were synchronized by double thymidine block and release as described previously (24) . Nuclear extracts were prepared by resuspending the cells in Buffer A (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.4% Nonidet P-40, 5 mM MgOAc, 10% glycerol, 1 mM DTT, 20 M MG132, 1 mM ATP); the suspension was homogenized using a Dounce B pestle. The pelleted nuclei were washed, resuspended in Buffer A ϩ 0.5 mM CaCl 2 , and treated with DNase I (Invitrogen) and Benzonase ultra (Sigma) for 1 h. The salt concentration was then brought up to 400 mM NaCl and incubated for 30 min; the salt was then adjusted to 200 mM. Immunoprecipitations were carried out using antibody cross-linked protein G Dynabeads (Invitrogen). RNA interference was carried out as described previously (51) . The small interfering RNAs (siRNA) targeted to Orc1 were Orc1-1 (coding region) CUGCACUACCAAACCUAUA (26) and Orc1-2 (3ЈUTR) GGAAUUGUUGUAACAAAGU). Control siRNA was targeted to luciferase (CUUACGCUGAGUAC-UUCGA (51)); all siRNAs were synthesized by Dharmacon Inc (Lafayette, CO). siRNA was delivered into the cells at a final concentration of 100 nM using Oligofectamine (Invitrogen). Cells were transfected twice at a gap of 24 -30 h and analyzed for immunoblotting and immunofluorescence.
A second extract preparation procedure was used for immunoprecipitation of Orc1 from a nuclear extract (Fig. 1C) . GFPOrc1 U2OS TREx stable cell lines were grown in DMEM containing high glucose (Gibco) supplemented with penicillin/ streptomycin and 10% FBS. The cells were induced with 1 g/ml tetracycline and harvested 24 h after the induction. The cells were washed in PBS and suspended in Buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 1 mM DTT, 20 M MG132 and protease and phosphatase inhibitor tablets from Roche Applied Science) with 0.4% of Nonidet P-40. The cells were incubated for 10 min with endto-end shaking at 4°C. The cytoplasmic content was removed after spinning at 1300 ϫ g for 5 min. The cells were washed again with Buffer A and centrifuged. The nuclei pellet was suspended in buffer containing 20 mM Tris-HCl, pH 7.5, 400 mM NaCl, 0.4% Nonidet P-40, 5 mM MgCl 2 , 0.1 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM CaCl 2 , 20 M MG132/ and protease as well as phosphatase inhibitor tablets from Roche Applied Science. Benzonase was added to the buffer, and the suspension incubated for 30 min on ice with intermittent mixing. The concentration of NaCl and Nonidet P-40 was brought down to 200 mM and 0.2%, respectively, with dilution buffer after half an hour incubation on ice. The extract was centrifuged in an Eppendorf microcentrifuge at 14,000 rpm (20,800 ϫ g) for 15 min, and supernatant containing mostly the chromatin-bound proteins was used for Orc1 immunoprecipitation. The control mouse serum as well as the Orc1 mouse ascites were crosslinked to protein G Dynabeads (Invitrogen), and the antibody cross-linked beads were suspended in PBS in 1:1 ratio. The extract was incubated with increasing amounts of beads for 5 h at 4°C with end-to end shaking. The beads were washed three times with washing buffer containing 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.15% Nonidet P-40, 5 mM MgCl 2 , 0.1 mM EDTA, 10% glycerol, 1 mM DTT, and protease as well as phosphatase inhibitor tablets from Roche Applied Science. Finally, the washed beads were suspended in Laemmli sample buffer, and 8% SDS-polyacrylamide gels were run for silver staining as well as for immunoblot.
Antibodies-For immunoprecipitations, the following mouse monoclonal antibodies were used: Orc1 78-1-172 (this study), Orc2 920-2-44 (24), and Orc3 PKS1-16 (52) . For immunofluorescence and Western blots, rabbit polyclonal anti-Orc1 (Bethyl Labs), rabbit polyclonal anti-Orc2 CS205-5 (pAb205 (52)), rabbit polyclonal anti-Orc3 CS1890 (24) , and goat polyclonal anti-Orc4 (Abcam) were used.
Immunofluorescence-For visualizing the proliferating cell nuclear antigen (PCNA (53) ) and Mcm2-7 on chromatin, cells were pre-extracted in 0.5% Triton X-100 in Cytoskeletal buffer (10 mM PIPES, pH 7, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 ) for 5 min on ice to remove soluble proteins, then fixed in 1.7% paraformaldehyde, and chilled, and methanol was extracted. Immunofluorescence was carried out using standard procedures (48) . Cells were examined using a Zeiss Axioplan 2i fluorescence microscope (Carl Zeiss Inc., Thornwood, NY) equipped with Chroma filters (Chroma Technology, Brattleboro, VT). OpenLab software (Improvision, Boston, MA) was used to collect digital images from a Hamamatsu ORCA cooled CCD camera. Antibodies used were as follows: PCNA PC10 mAb, Mcm3 738 pAb, and Orc2 205 pAb (all from the Cold Spring Harbor Laboratory Antibody Shared Resource). Anti-GFP mAb was from Roche Applied Science, and anti-BrdU mAb was from Molecular Probes.
dUTP Incorporation-12 l of PBS and 3 l of FuGENE 6 reagent were added into a tube and then incubated for 5 min at 4°C. To this, 1.5 l of 100 M dUTP (final 10 M Chroma tide and Alexa Fluor dUTP 594, Molecular Probes and Invitrogen Detection Technologies) was added and incubated for an additional 20 min at 4°C. The entire mixture was layered over the coverslip with cells that were stably expressing YFP-Orc1 and incubated for 15 min at 4°C, following which cells were washed with fresh DMEM and left for 30 min in the incubator for entire consumption of dUTP. Media were changed again, and cells were left in the incubator for an additional 12-14 h following which cells were used for live cell imaging.
RESULTS

Generation and Characterization of Monoclonal Antibodies against Human Orc1
Protein-We studied the dynamics of the ORC complex in vivo, and for this purpose new monoclonal antibodies were raised that immunoprecipitated the native Orc1 protein from human cells. Purified Orc1-⌬N400 fragment was used as an antigen to immunize the mice (Fig. 1A) . One of the clones (Orc1 78-1-172 ) was selected for further characterization. The antibody was able to immunoprecipitate the MBP-tagged full-length Orc1 and an N-terminal truncated version Orc1-⌬N400 but not other N-terminal truncated proteins. Thus, the antibody recognized the 400 -500-amino acid region in MBP-tagged Orc1 protein (Fig. 1B) . The antibody precipitated both endogenous Orc1 and GFP-tagged Orc1 from a U2OS cell line that expressed an inducible GFP-Orc1 (Fig.  1C ). It could also co-immunoprecipitate other endogenous subunits of ORC, including Orc3 and Orc4 (Fig. 1, D and E), suggesting its utility for studying ORC dynamics throughout the cell division cycle. The antibody only detected the native form of the protein as confirmed by the ability to immunoprecipitate Orc1 (Fig. 1 ) and the inability to detect Orc1 in Western blots (result not shown).
Dynamics of ORC throughout the Cell Division Cycle-To better understand the dynamics of ORC on chromatin, we tested various chromatin fractions. Nuclei were first briefly treated with micrococcal nuclease, and then the nuclei were subjected to successive extractions with increasing salt concentrations (50) . Of all the ORC subunits tested, Orc1 bound to chromatin or a nuclear structure in higher salt concentrations than all of the other ORC subunits (results not shown). This observation was consistent with a previous study using fluorescence recovery after photobleaching analysis with YFP-tagged proteins in human cells that showed YFP-Orc1 was not recovered after photobleaching, whereas YFP-Orc2, YFP-Orc3, and YFP-HP1␣ were readily recovered, indicating Orc1 was more tightly bound to some structures compared with other ORC subunits (54).
Unlike yeast cells, human cells have a dynamic ORC cycle throughout the cell division cycle. Formation of ORC begins with the binding of Orc1 to chromatin, which is followed by recruitment of other ORC subunits during early G 1 phase. As the cells enter S phase, the Orc1 subunit is ubiquitinated and targeted for degradation, and ORC becomes dispensable for DNA replication (22) (23) (24) 26) . We studied the dynamics of ORC assembly and chromatin binding along with other pre-RC components in double thymidine blocked and released HeLa suspension cells. Because ORC is bound to chromatin tightly, especially Orc1, we have adapted a nuclear fractionation method that effectively solubilizes ORC in nuclei by digesting both RNA and DNA to near completion. HeLa cells were synchronized at the G 1 /S border using a double thymidine block and released, and the cell cycle profile was analyzed by flow cytometry of DNA content ( Fig. 2A) . The cells started entering S phase as they were released from the block as seen by an immediate decrease in cyclin E levels (Fig. 2B) . Cyclin A levels accumulated as the cells progressed through S phase and entered G 2 phase. After 9 h, cells started to become mitotic as evidenced by the appearance of phospho-H3S10 on mitotic chromosomes. Levels of Cdc6 in nuclei fluctuate during the cell cycle, and it has been shown that Cdc6 is targeted for degradation by APC-CDH1-mediated proteolysis during early G 1 (55) , also Cdc6 phosphorylation by cyclin A/CDK2 leads to its re-localization to cytoplasm during S phase (56) . Our results show that Cdc6 levels were low during S and early G 1 phase in nuclei (Fig. 2B ) consistent with previous observations. Our results also demonstrated that the levels of Orc1 dramatically decreased as the cells entered S phase, although the levels of other ORC subunits, including Orc2, Orc3, and Orc4, remained fairly constant. Orc1 levels started to increase as the cells entered the mitotic phase. Mcm2-7 exists as chromatin-bound and unbound forms in human cells, and the chromatin-bound form is known to be dissociated as cells progress through S phase (57) , whereas the chromatin bound Mcm2-7 levels increase during G 1 (58) . Our results were consistent because Mcm3 that was tightly associated with nuclei decreased during S phase, and the levels increased as the cells progressed through G 1 (Fig. 2B) .
We then performed immunoprecipitations using synchronized HeLa cell nuclear extracts with monoclonal antibodies against Orc1, Orc2 and Orc3 or a control IgG (Fig. 2C) . The immunoprecipitated proteins were detected with specific antibodies. The results show that the amount of Orc1 immunoprecipitated with Orc1 antibody decreased in S phase cells, concomitant with a decrease in levels of Orc1 during that time. Similarly, when either Orc2 or Orc3 antibodies were used for immunoprecipitation, the amount of Orc1 that was co-immunoprecipitated was lower in S phase cells; the interaction was Cell cycle profile of asynchronous and synchronized cells at the indicated hours after release are shown; x axis shows propidium iodide-area levels, and y axis shows cell count at different time points after release. B, expression levels of pre-RC proteins and cell cycle markers in synchronized HeLa nuclear extracts were studied by Western blot. Ponceau S-stained blots are shown as loading controls. C, immunoprecipitation of Orc1, Orc2, Orc3, or control IgG from double thymidine block and release synchronized HeLa S3 nuclear extracts. Co-immunoprecipitation of Orc1, Orc2, Orc3, and Orc4 were investigated by Western blots as indicated.
detectable by the beginning of G 1 , which corresponds to the 12-h time point. Orc1 was not bound to Orc2 or Orc3 during mitosis. Orc2 and Orc3 interacted with each other throughout the cell cycle, consistent with previous reports (24, 52, 59 ). However, Orc4 was found to be associated with Orc2 and Orc3 only when Orc1 was also present in the complex, and the interaction was lost when Orc1 was degraded during S phase. These results suggest that recruitment of Orc4 to the full ORC was stabilized and/or promoted in the presence of Orc1, consistent with earlier reports on assembly of ORC both in vitro and in vivo (24, 26) .
Mapping of an Orc1 Domain Required for Association with Mitotic Chromosomes-We investigated the dynamics of Orc1 chromatin localization using a tetracycline-inducible GFPOrc1 present in a U2OS-derived cell line with live cell imaging. Orc1 levels build up as cells prepared to enter into mitosis, and the Orc1 protein was loaded onto chromatin during prophase, simultaneous with chromatin condensation (Fig. 3 , A, panels a-s, and B, panels a-u, and supplemental movie 1). Orc1 was observed on chromatin throughout mitosis, and after the cells underwent telophase, the Orc1 signal became diffuse as the nuclear membrane formed in the daughter cells, and chromatin decondensation occurred (Fig. 3, A, panels t-x, and B, panel u) . Mitotic association of Orc1 was also seen in YFP-Orc1 U2OS stable cells and GFP-Orc1 HeLa cells (results not shown). Unlike our observations, a previous study observed that Orc1 only localized to telophase chromosomes and was diffusely located in prophase, metaphase, and anaphase cells and that the BAH domain of Orc1 facilitated chromosome association in telophase (60) . However, we note that immunofluorescence labeling of formalin-fixed cells was used in that study to examine Orc1 chromosome association, although in this study GFP-FIGURE 3. Orc1 associates with mitotic chromosomes. Tetracycline-inducible GFP-Orc1 U2OS cell line was followed by time-lapse live cell imaging through mitosis. Highlighted by an arrow is a cell followed through mitosis (panels a-x in A and panels a-u in B) at indicated time points (min means minutes, and h means hours). Orc1 is loaded onto chromatin during prophase and stays on chromatin throughout mitosis, after telophase Orc1 becomes diffusely distributed in daughter nuclei (panels v-x). Scale bar denotes 5 m. A and B represent images from two separate videos.
Orc1-expressing live cells were used. The expression levels of GFP-Orc1 were comparable with that of endogenous Orc1 (49). Thus, it is possible in the earlier study that the method of fixing cells before antibody staining and/or the methods for cell permeabilization might have caused dissociation of Orc1 from chromosomes in early mitosis or the antibody failed to recognize tagged Orc1 during early mitosis due to possible structural hindrance. An earlier study in Chinese hamster ovary (CHO) cells also showed mitotic association of GFPCgOrc1 in live cells, although paraformaldehyde fixation prevented the detection of Orc1 binding to mitotic chromosomes (39) .
The region of Orc1 involved in mitotic chromosome association was investigated. We noticed that human Orc1 shares partial sequence similarity with the human FOXA1. FOXA1 is a pioneer transcription factor that binds to mitotic chromosomes and enables other factors to bind (61, 62) . The DBD of FOXA1 protein binds specific DNA and is required for its localization to mitotic chromosomes only when a nuclear localization signal is present (63, 64) . Interestingly, we have found a sequence in Orc1 that is similar to the chromatin-binding domain of the FOXA1 protein. The sequence is conserved among vertebrate Orc1 proteins and is split into two motifs by an intervening stretch in Orc1 of 100 amino acids (Fig. 4A) . The motifs are buried inside the AAA ϩ domain of Orc1, which is involved in its ATPase activity, DNA binding, and DNA replication initiation functions in yeast, Drosophila, and human Orc1 proteins (65) (66) (67) (68) . Studies in archaea have demonstrated that Orc1 has DNA binding activity that is mediated by the C-terminal winged helix domain linked to its AAA ϩ domain (66) . Thus it is possible that this region in Orc1 is responsible for chromatin or DNA binding. We cloned Orc1 motif I (Orc1(555-575)), Motif II (Orc1(672-740)), the intervening sequence (Orc1(575-672)), and a fragment spanning the whole region (Orc1(555-740)) into separate GFP tag vectors and checked mitotic chromosome association in live U2OS cells; however, none of the fragments were associated with mitotic chromosomes (results not shown). Orc1 has a nuclear localization signal (NLS) near its N terminus (Fig. 4A) ; thus, in the expressed fragments NLS was not present. To circumvent the issue, we used an NLScontaining vector for expression of these C-terminal Orc1 fragments, just as was done for FOXA1. Using live cell imaging, the results showed that in the presence of NLS, motif I was sufficient for mitotic chromosome association (Fig. 4B, panel c) similar to full-length Orc1 (Fig. 4B, panel a) , although motif II caused weak but nonetheless obvious association with mitotic chromosomes (Fig. 4B, panel e) . However, when cells were fixed in methanol and stained by indirect immunofluorescence with anti-GFP antibodies, both full-length Orc1 and motif II, but not GFP alone, were readily observed to bind mitotic chromatin (Fig. 4, D-F) . By live cell imaging, the Orc1(575-672) fragment consisting of the intervening sequence did not associate with mitotic chromosomes, and it did not have any sequence similarity with the FOXA1 DBD (Fig. 4B, panel d) . Interestingly, the Orc1(555-740) fragment spanning motif I, the intervening sequence, and motif II did not show localization to the entire genome; instead, it appeared spotty on chromosomes (Fig. 4B,  panel b) . The inability of this fragment to localize to mitotic chromosomes might be due to abnormal secondary structure of the fragment, but in full-length Orc1, the intervening sequence is sequestered by other Orc1 sequences. Moreover, in the presence of NLS, motifs I and II individually were sufficient to associate with mitotic chromosomes in prophase, metaphase, anaphase, and telophase (Fig. 4, C, panels a-i, and E) , recapitulating the mitotic chromosome association of full-length Orc1.
Orc1 Shows Extensive Mitotic Chromosome Association Prior to Orc2 and Knockdown of Orc1 Causes Loss of Mcm2-7 from
Chromatin-It is a possibility that binding of Orc1 to the chromatin during mitosis creates a nucleating center for assembly of ORC and then full pre-RC assembly and defines the locations within chromosomes that could serve as origins of DNA replication. During mitotic exit, Orc2 was distributed diffusely in the cell, although Orc1 was associated with chromatin in telophase (Fig. 5A, panel a) . Orc1 appeared in the daughter nuclei prior to Orc2, suggesting that Orc1 chromatin association is one of the first events in pre-RC assembly. After mitosis, both proteins appeared in the nucleus during G 1 (Fig. 5A, panel b) . A previous study demonstrated that during mitosis, Orc2 and Orc3 chromosome interactions were restricted to centromeres and did not show extensive mitotic chromosome association (52) . It is known that depletion of Orc1 results in reduced chromatin association of Orc2 (26) . Mcm2-7 is also known to associate with chromatin during very late M and during the G 1 phase (58). These results indicate that Orc1 is the first ORC subunit to bind to chromatin extensively during mitosis and that it facilitates recruitment of other ORC subunits to chromatin.
To address the function of Orc1 in pre-RC recruitment, an siRNA approach was used to knock down Orc1. siRNA oligonucleotides targeted against either the coding region of Orc1 or the 3ЈUTR of Orc1 were used in addition to a control nontargeting siRNA targeted against a non-human cell protein luciferase. More than 85% knockdown of Orc1 was achieved in HeLa and U2OS cells using oligonucleotides targeting either the coding region or the 3ЈUTR of endogenous Orc1 (data not shown). In U2OS cells, depletion of Orc1 either with siRNA against the coding region of Orc1 or the 3ЈUTR of endogenous Orc1 resulted in loss of Mcm3 from chromatin (Fig. 5B) , suggesting loading of Mcm3 protein on chromatin requires Orc1, consistent with earlier findings (26, 69) .
To address whether an siRNA-resistant YFP-Orc1 could functionally complement the loss of endogenous Orc1, U2OS cells stably expressing a YFP-Orc1 that was resistant to the siRNA that targeted the 3ЈUTR of Orc1 were treated with siRNAs. In these cells only depletion of endogenous Orc1 but not YFP-Orc1 was observed (data not shown). Mcm3 loading was normal when the siRNA targeting the 3ЈUTR was used, suggesting YFP-Orc1 could functionally complement endogenous Orc1 and rescue the MCM3 (minichromosome maintenance complex 3) loading defect (Fig. 5C, panels c-cЉ) . In cells treated with control siRNA, Orc1, and Mcm3, chromatin loading was normal (Fig. 5C, panels a-aЉ) . However, in cells treated with siRNA against coding region of Orc1, depletion of both endogenous Orc1 and YFP-Orc1 resulted in the loss of Mcm3 protein from the chromatin (Fig. 5C, panels b-bЉ) . These results demonstrate that YFP-Orc1 behaves like endogenous Orc1 in terms of its cell cycle degradation (supplemental movie 2) and its ability to load Mcm2-7 onto the chromatin. transition, and Orc1 is degraded as cells enter S phase (21, 22, 26) . We confirmed these observations using an in vivo imaging approach to study the dynamics of human Orc1 in living cells. Fluorescent-tagged human Orc1 (EYFP-Orc1 C1, Orc1-EYFP N1, or GFP-Orc1) was used either for transient transfection experiments in a variety of cells or to generate stable cell lines in human U2OS cells. Although we confirmed that Orc1 was degraded at the G 1 -S phase transition, the results also revealed an unexpected pattern of nuclear localization of GFP-Orc1 in cervical cancer HeLa cells (Fig. 6A) or YFP-Orc1 in mammary epithelial MCF7 cells (Fig. 6B) and osteosarcoma U2OS cells (results not shown). In a subset of Orc1-expressing cells, Orc1 showed punctate nuclear staining throughout the nucleus in early G 1 phase (Fig. 6, A, panel a and B, panels a-c) , whereas other cells that were later in G 1 phase showed that Orc1 was restricted to large and discrete foci, some of which surrounded nucleoli (Fig. 6, A, panels b-i, and B, panels d-i) . Both YFPOrc1 and Orc1-YFP showed a similar distribution and were readily incorporated in the ORC complex (data not shown, but see Fig 1, C and D) . The distribution of GFP-Orc1 in live HeLa cells fell into different categories, including punctate throughout the nucleus (Fig. 6A, panels a-c) , perinuclear, perinucleolar, and/or intranucleolar regions (Fig. 6A, panels d-g ), or a smaller number of large irregularly sized foci at the nuclear periphery or in interior nuclear regions (Fig. 6B, panels h and i) . Interestingly, these patterns formed by Orc1 during G 1 phase show resemblance to DNA replication patterns seen in S phase, which can be categorized into three main patterns in their order of appearance as follows: small discrete foci scattered throughout the nucleus; the nuclear and nucleolar periphery and nucleolar interior; and a smaller number of heterogeneously sized foci (31, 34, 70 -73) . Time-lapse live imaging studies using fluorescently tagged YFP-Orc1 in human MCF7 (Fig. 6B and supplemental movies 2 and 3) revealed its cell cycle regulated distribution. Orc1 first showed a punctate distribution throughout the nucleus in early G 1 phase (Fig. 6B, panels a-c) , but it then was found at larger foci around the nucleoli (Fig. 6B, panels d-j) and the nuclear periphery in late G 1 phase, reminiscent of the pattern of DNA replication in S phase (supplemental movies 2 and 3). By 10 -14 h after the YFP-Orc1 pattern was predominantly punctate throughout the nucleus, Orc1 almost disappeared from the nucleus (Fig. 6B, panel l) . Thus, in human cell lines studied, Orc1 showed dynamic spatiotemporal patterns, after which it was degraded.
Orc1 Shows Dynamic Nuclear Localization in Human Cells
Spatiotemporal Patterning of Orc1 Protein Occurs during G 1 -Even though Mcm3 and PCNA proteins are present in all cells throughout the cell division cycle, when asynchronously growing MCF7 cells were extracted with detergent and fixed with methanol, only chromatin bound Mcm3 or PCNA was detected by immunofluorescence (Fig. 7) . Chromatin-bound Mcm3 was detected in cells in G 1 phase or S phase but not in G 2 cells, whereas chromatin-bound PCNA was detected only in the S phase. Thus, combining these two immunofluorescence patterns enables cells to be uniquely assigned to G 1 , S phase, or G 2 phase. We expressed YFP-Orc1 in MCF7 cells and performed triple labeling for DNA replication proteins or dual color live cell imaging.
Immunolabeling of Mcm3 and PCNA in YFP-Orc1 expressing MCF7 cells showed that Orc1 was present only in cells that were PCNA-negative and had a homogeneous Mcm3 distribution, indicating G 1 cells (Fig. 7, a-aٞ) . In cells where very faint PCNA staining was observed, indicating very early S phase, Orc1 staining was also very weak (Fig. 7, b-bٞ) . Live cell imaging in cells expressing YFP-Orc1 and CFP-PCNA showed that the disappearance of Orc1 was concomitant with the appearance of PCNA on chromatin (supplemental movie 4). These results suggest that temporal patterns formed by Orc1 are restricted to G 1 nuclei only. However, it is still possible that a small fraction of Orc1 remains bound to chromatin beyond the S phase. These observations support the earlier findings that Orc1 levels are cell cycle-regulated and degraded at the G 1 /S transition (22, 23) .
Orc1 Localization in G 1 Phase Overlaps with Temporal Patterning of DNA Replication in S Phase-The finding that the spatiotemporal dynamics of Orc1 during G 1 phase were similar to some of the global DNA replication patterns, particularly the late replication patterns seen in S phase, raised the question whether Orc1 temporal dynamics might reflect temporal replication patterns. Specifically, the Orc1 patterns late in G 1 phase resemble the late replication patterns of DNA replication foci observed in S phase. Previous studies show that, in mammalian cells, the spatiotemporal patterns of DNA replication are inherited from mother nuclei to daughter nuclei (30 -32) . Therefore, we investigated whether the Orc1 replication-like patterns in G 1 phase in daughter nuclei coincided with the S phase patterns of DNA replication from the previous cell cycle. To investigate this possibility, U2OS cells stably expressing YFP-Orc1 were pulse-labeled with Alexa dUTP 594 (ϳ15-min pulse by transfection of the nucleoside triphosphate) in the S phase of generation 1, followed by three washes to remove nucleotides; then the cells were allowed to go through mitosis and enter G 1 of the next generation and were monitored by live cell imaging (Fig.  8A) . Imaging for both Alexa dUTP 594 (red) and YFP-Orc1 (green) patterns revealed overlap of the patterns in 6% of the G 1 phase cells (Fig. 8B, panels a and b) . In other words, DNA replication patterns from the previous generation showed overlap with Orc1 patterns in the G 1 phase of the next generation. Similar results were obtained when cells were labeled with BrdU in S phase and allowed to go through mitosis, and the YFP-Orc1 pattern was investigated in fixed cells (Fig. 8C) .
To determine the significance of this overlap, the YFP-Orc1 spots and the Alexa dUTP 594 spots were scanned using a vision optical sectioning deconvolution instrument (Applied Precision) on an Olympus microscope with a 63 ϫ 1.4NA objective. Overlap, based on a Pearson coefficient of correlation, was binned into two classes (high overlap of Ͼ0.70 and Ͻ0.70). Only 6% of the cells had multiple spots with a high coefficient of correlation, and these spots tended to be larger foci, reminiscent of late replicating foci.
The overlap of YFP-Orc1 and the replication pattern were most evident in late S phase patterns. In some cells, the YFPOrc1 pattern did not overlap with the Alexa dUTP pattern; instead, the patterns were adjacent to each other (Fig. 8B, panel  c) . In most of the cells, no co-localization between YFP-Orc1 and DNA replication pattern was observed (Fig. 8B, panel d) ; however, this result was expected because matching a snapshot of a 15-min S phase pattern that lasts about 6 h to a snapshot of a YFP-Orc1 pattern in G 1 that changes over the course of a much longer G 1 has very low probability.
DISCUSSION
The initiation of DNA replication involves the ordered and highly regulated assembly on chromatin of a pre-RC that requires ORC, Cdc6, and Cdt1 to load the hexameric Mcm2-7 complex at all potential replication origins (2, 12, 74 -76) . In human cells, Orc2-5 forms the core ORC, and Orc1 is known to be transiently associated with this complex (12, 22, 24, 77, 78) . Orc1 associated with chromatin beginning in early mitosis and is the first among pre-RC components to bind to chromatin. Orc1 levels gradually increased as the cells progressed through mitosis, and during G 1 phase the highest levels of Orc1 on chromatin were present. Levels of other ORC subunits, including Orc2, Orc3, and Orc4, were fairly constant throughout the cell division cycle; and interactions between Orc1 and Orc2, Orc1 and Orc3, Orc1 and Orc4, Orc2 and Orc4, and Orc3 with Orc4 were detectable by the beginning of G 1 . Association of Orc4 with the complex occurred only when Orc1 was also present suggesting that the recruitment of Orc4 to ORC was facilitated or stabilized by Orc1, consistent with earlier reports (24, 26) . Interestingly, even though Orc1 was present at earlier time points during mitosis, the interaction between Orc1 with Orc2 and Orc3 or Orc4 occurred only in G 1 phase, suggesting a controlled assembly of ORC.
Live cell imaging studies showed that Orc1 associated with mitotic chromosomes extensively throughout mitosis. The sequence similarity between Orc1 and the DBD of the pioneer transcription factor FOXA1, coupled with the observation that motifs 1 and II of this conserved sequence were individually sufficient for mitotic chromosome binding when NLS was present, suggests a mechanism for Orc1 binding to mitotic chromosomes. FOXA1 is a well characterized pioneer factor, which is a transcription factor that can bind to silent chromatin and facilitate other factors to bind (62) . FOXA proteins have the ability to bind compacted chromatin, mediated through a high affinity DNA-binding site and interaction with histones H3 and H4 (61) . FOXA1 is a member of the FOXA subfamily of proteins, and it has been recently shown that FOXA1 shows slow recovery kinetics in interphase nuclei by fluorescence recovery after photobleaching compared with mitotic cells and has more extensive chromatin binding during mitosis compared with interphase cells (63) . Interestingly, some of these characteristics are similar to Orc1, which also shows extensive mitotic chromosome binding, slow recovery kinetics in interphase nuclei (54) , and interaction with histones through its BAH domain (79) . Another important feature of FOXA pioneer factors is the resemblance of their DBD to the linker histone DBD. There is structural similarity between the winged helix motif DBDs of FOXA and the linker histone 5 (80) . FOXA and linker histone bind along the minor grooves of DNA through their winged helix motifs (80, 81) . Interestingly, the bacterial initiator protein DnaA and archaeal Cdc6/Orc1 both have a winged helix motif linked to their AAA ϩ domain (66, 82, 83) . Orc1 is a member of the AAA ϩ family of ATPases and contains Walker A and Walker B motifs and a BAH domain mediating proteinprotein interactions (60) . Binding of ATP to Orc1 is essential for the ATPase, DNA binding, and replication initiation activities of the yeast, Drosophila, and human ORC (65) (66) (67) (68) . The stretch of amino acids in Orc1 (motif I-NLS) that has sequence similarity with the FOXA1 DBD is sufficient for mitotic chromosome association. Interestingly, this motif is buried in the AAA ϩ domain of Orc1 and contains the box IV motif of the AAA ϩ domain (84, 85) . Box IV is a weakly conserved motif compared with Walker A and Walker B motifs, which are important for ATP binding in AAA ϩ proteins. Thus, motif I plays a dual role in Orc1, for mitotic chromosome association, and as part of the AAA ϩ module. Motif II, however, is present in a region of the AAA ϩ domain of Orc1 that protrudes out of the Orc1 structure present in a recent crystal structure of ORC from Drosophila (86) . The structure of this Drosophila ORC, particularly Orc1, is in a conformation that would not allow ATPase activity and thus is most likely not the conformation of ORC that recruits Cdc6 and pre-RC proteins. We suggest that one reason Drosophila ORC may exist in this conformation is to allow recruitment to chromatin, and only later does Orc1 move to be adjacent to Orc4 for pre-RC assembly. Of course, Orc1 in human cells is different from Orc1 in Drosophila because is not associated with the other ORC subunits during early mitosis. Based on these new observations, we suggest that human cell Orc1 binds to mitotic chromosomes and recruits other proteins, including other ORC subunits in the next G 1 phase in preparation for initiation of DNA replication. Unlike true pioneer transcription factors, however, we do not think that Orc1 binds specific DNA sequences.
Orc1 shows extensive mitotic chromosome association before Orc2, although it is known that Orc2 only shows restricted centromeric association during mitosis (52) . In Drosophila, binding of Orc2 to mitotic chromosomes post-anaphase is dependent on cessation of mitotic CDK activity (87) . These results are consistent with Orc1 being the first determinant for chromatin binding and origin recognition. This finding is consistent with the evolutionary perspective that in archaea there is only Orc1-and Cdc6-like proteins for origin recognition, and the other ORC subunits do not exist (66, 88) , although we do not suggest that human Orc1 binding to mitotic chromosomes is sequence-specific. We also demonstrated that Orc1 recruits other components of ORC and the pre-RC to chromatin only during G 1 phase. A previous study in CHO cells also observed mitotic chromosome association of CgOrc1 as well as CgOrc4 (39) ; however, it must be noted that Orc1 shows different cell cycle regulation in these cells compared with human cells. In CHO cells, CgOrc1 is not degraded and stays associated with chromosomes throughout the cell cycle (39) ; binding of CgOrc1 is weaker during mitosis and stronger in G 1 (89) , and inhibition of CDK activity is necessary for CgOrc1 binding to mitotic chromosomes (90) . We suggest that the difference between the CHO results and our results with human cells reflects real species-specific differences and not cell line to cell line variation because we have observed similar Orc1 dynamics in multiple human cells lines, including diploid cells.
Once human cells enter into the G 1 phase, the nuclear patterns displayed by Orc1 show similarity to spatiotemporal patterns of DNA replication during S phase, particularly the patterns late in G 1 phase that resemble late replication patterns. DNA replication shows a global level of spatiotemporal patterning throughout S phase that can be categorized into early, mid, and late S phase patterns based on the distribution of DNA replication foci (31, 34, 70, 72, 73) . Replication foci are discrete sub-nuclear sites where multiprotein complexes involved in DNA replication assemble at replication forks (91) . Replication patterns can be visualized by fluorescent-tagged nucleotide analogs or proteins localized to the replication fork such as PCNA (91) (92) (93) . Patterning of Mcm2-7 proteins occurs from G 1 to the S phase of the cell cycle (94) .
The spatiotemporal regulation of DNA replication patterns suggests that clusters of replication origins within any given domain of the chromosome are activated during a specific time point in S phase. In mammalian cells replication domains are formed by segments of chromatin with different replication timing profiles (29) . Whole genome studies of replication timing in mammalian cells have shown that the timing of DNA replication correlates with the organization and proximity of these regions, as revealed by chromosome conformation capture technologies, suggesting that early and late replication takes place in spatially separate nuclear compartments (40 -43) . We suggest that the dynamic patterns of Orc1, particularly the patterns notable during late G 1 phase, reflect the heritable patterns of DNA replication found in late S phase. The spatial overlap between BrdU patterns in S phase and Orc1 patterns in G 1 phase also suggests that replication timing of various chromosomal domains is predetermined in G 1 phase.
Several factors are involved in governing spatial-temporal regulation of DNA replication, including chromatin structure and modifications, rate-limiting DNA replication factors, and chromosomal position and organization (45, 95) . Selection of new replication sites occurs in each cycle at a specific time point in G 1 , called the origin decision point (96) . At a later timing decision point during G 1 , the global temporal order of DNA replication program is predetermined (34, 35) . G 2 nuclei lack these determinants suggesting that they need to be established every cell cycle for proper spatiotemporal regulation of DNA replication (97) . We suggest that Orc1 binding to mitotic chromosomes sets these events in place.
The patterning of Orc1 during G 1 phase could be due to two different mechanisms. Orc1 may bind to all chromatin during mitosis and be removed and degraded from sites on chromatin as cells progress through G 1 phase, first from early replicating domains of chromatin in early G 1 phase and later from latereplicating regions of chromatin in late G 1 phase. Another possibility is that the dynamic patterns formed by Orc1 in G 1 nuclei are dependent on accessibility of chromatin, its three-dimensional chromosomal organization, and epigenetic marks. In early G 1 , Orc1 may be localized to regions with higher accessibility and forms pre-RC at those sites, and it then dissociates from those sites to assemble pre-RCs at later replicating domains. Accessibility of a particular region on the chromosome can be governed by several factors, including primary DNA sequence, epigenetic modifications on DNA and histones, and the presence of other DNA-binding elements, including transcription factors or chromatin remodeling factors, and insulating elements. Orc1 also shows differential histone binding activity through its BAH domain (79) , has affinity to histone H4K20me2, and co-localizes with Orc2 that also colocalizes with histone H3K9me3 (54) . In budding yeast, the BAH domain is involved in stable association of ORC with origins and with origin activity (98) . In human cells, Orc1 and other ORC subunits have also been shown to be associated with H3K9me3, H3K27me3, and H4K20me3 marks (99 -101) . Therefore, it is possible that post-translational modifications on histones might be one of the contributing marks that cause the dynamic Orc1 patterning during G 1 , due to differential affinity of Orc1 to different histone modifications. It is possible that the earlier Orc1 is bound to a particular site in the genome the earlier a pre-RC can form at that site. This is consistent with the finding that in fission yeast timing of ORC binding determines the timing of pre-RC formation and timing of replication (46) .
Overall, the results indicate that Orc1 acts as a nucleating center for pre-RC formation by binding to compact chromatin during mitosis and later during G 1 phase recruiting components of ORC and pre-RC. ORC associates with chromatin strongly, and particularly, Orc1 shows tight association. Formation of ORC occurs during G 1 phase; even though Orc4 is present throughout cell cycle, it only associates with chromatin only when Orc1 is present, suggesting that Orc1 might stabilize or facilitate recruitment of other ORC subunits. It still needs to be determined how the dynamic Orc1 patterns anticipate the spatiotemporal dynamics of DNA replication. The spatial organization of the genome, nuclear architecture, and epigenetic marks might all play a role in dynamic Orc1 binding and spatiotemporal regulation of DNA replication. It is possible that either Orc1 is contributing or reading some inherited pattern present in the chromatin.
